Arachidonic acid modulation of ␣1H, a cloned human T-type calcium channel. Am. J. Physiol. Heart Circ. Physiol. 278: H184-H193, 2000.-Arachidonic acid (AA) and the products of its metabolism are central mediators of changes in cellular excitability. We show that the recently cloned and expressed T-type or low-voltage-activated Ca channel, ␣1H, is modulated by external AA. AA (10 µM) causes a slow, timedependent attenuation of ␣1H current. At a holding potential of Ϫ80 mV, 10 µM AA reduces peak inward ␣1H current by 15% in 15 min and 70% in 30 min and shifts the steady-state inactivation curve Ϫ25 mV. AA inhibition was not affected by applying the cyclooxygenase inhibitor indomethacin or the lipoxygenase inhibitor nordihydroguaiaretic acid. The epoxygenase inhibitor octadecynoic acid partially antagonized AA attenuation of ␣1H. The epoxygenase metabolite epoxyeicosatrienoic acid (8,9-EET) mimicked the inhibitory effect of AA on ␣1H peak current. A protein kinase C (PKC)-specific inhibitor (peptide fragment 19-36) only partially antagonized the AA-induced reduction of peak ␣1H current and the shift of the steady-state inactivation curve but had no effect on 8,9-EET-induced attenuation of current. In contrast, PKA has no role in the modulation of ␣1H. These results suggest that AA attenuation and shift of ␣1H may be mediated directly by AA. The heterologous expression of T-type Ca channels allows us to study for the first time properties of this important class of ion channel in isolation. There is a significant overlap of the steady-state activation and inactivation curves, which implies a substantial window current. The selective shift of the steady-state inactivation curve by AA reduces peak Ca current and eliminates the window current. We conclude that AA may partly mediate physiological effects such as vasodilatation via the attenuation of T-type Ca channel current and the elimination of a T-type channel steady window current.
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low-voltage-activated calcium channel; epoxyeicosatrienoic acid; cardiac; window current THE T-TYPE CALCIUM CURRENTS share the common defining characteristic of a low-voltage activation range (reviewed in Ref. 49 ). In the cardiovascular system, T-type Ca currents (I T ) are present in pacemaking (15) , conducting (21, 43) , atrial (2, 3, 54) , normal (10, 31) , and hypertrophied ventricular myocardium (33) . Although the macroscopic T-type current is smaller in amplitude and shorter in duration than the L-type current, the T-type current may contribute to the regulation of excitation-contraction coupling in the ventricle, particularly over relatively long intervals (42) . The voltage-activation range of the T-type channel suggests an important role in mediating Ca entry in vascular smooth muscle as well.
Arachidonic acid (AA) disrupts calcium dynamics in neonatal rat cardiac myocytes (22) . In native preparations, both L-and T-type channels are modulated by AA (38) . AA and AA metabolites are important messengers in cell physiology and pathophysiology. The cytochrome P-450 metabolites of AA, such as the epoxyeicosatrienoic acids (EETs), are candidates for being endotheliumderived hyperpolarizing factors (EDHFs; Ref. 35) . In pathological conditions AA is elevated in response to ischemic episodes (46) , and in normal physiological circumstances AA and epoxygenase metabolites of AA mediate hyperpolarization-induced vasodilation of human resistance arterioles (28) . These results suggest a possible interaction between AA and Ca channels given the simplistic scheme that Ca channel blockade (or current attenuation) may contribute to reduced Ca entry and hyperpolarization. In this respect, AA and AA metabolite modulation of L-type Ca current are better studied than the T-type currents. Although the mechanism of AA and AA metabolite modulation of L-type calcium current is controversial, it is probably mediated secondarily via effects on channel phosphorylation. Xiao et al. (51) suggestAAepoxygenase metabolite-mediated elevation of cAMP, whereas Petit-Jacques and Hartzell (34) argue for AA-induced stimulation of a phosphatase.
␣1H heterologous stable expression in HEK 293 cells allows us to study human T-type channel properties in a human cell and in isolation from L-type channels. Tand L-type channels are often expressed in the same cell. The overlap of activation ranges for T-and L-type currents complicates the detailed study of T-type current in native cells. The heterologously expressed Ttype Ca channels reproduce functional properties measured in native mammalian cells. Central to this study is the similarity of ␣1H voltage dependence and kinetics to that of native cells. ␣1H is a voltage-gated ion channel clone (9) with functional properties unique to T-type current, namely, a low-voltage range of activation, a Ͻ10 pS conductance with no preference for Ba over Ca, and a crossover of decaying macroscopic
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currents for current-voltage protocols (reviewed in Ref. 49) . Therefore, the main purpose of the present study was to determine the effects of AA specifically on I T .
METHODS
The ␣1H cDNA in the vector pcDNA3 was used to establish a stable-transfected HEK 293 cell line (7) . Briefly, 1 ϫ 10 6 HEK 293 cells were transfected with 10 µg of ␣1H plasmid using Lipofectamine (GIBCO-BRL, Gaithersburg, MD), according to the manufacturer's protocol. Forty-eight hours posttransfection, the cells were passed onto 10 100-mm plates and 1.0 mg/ml G418 was added. After 10-14 days of selection, single colonies were isolated and expanded. The resulting stable transfectants were screened for T-type Ca 2ϩ currents. The clonal line designated ''HEK␣1H-13'' was selected for further studies. Cells are maintained in DMEM, 10% fetal bovine serum, with 100 U/ml penicillin, 100 mg/ml streptomycin (GIBCO-BRL), and 1.0 mg/ml G-418 (Mediatech). Immediately before experiments, culture medium was replaced with the whole cell bath recording solution consisting of (in mM) 140 NaCl, 5 CsCl, 2.5 KCl, 10 TEA-Cl, 2.5 CaCl 2 , 1 MgCl 2 , 5 HEPES, and 5 glucose, with a pH of 7.4. The pipette contained the following (in mM): 110 K-gluconate, 40 CsCl, 1 MgCl 2 , 3 EGTA, and 5 HEPES, pH 7.35 with CsOH. Experiments were performed in the presence of 10 µM TTX at room temperature (20-22°C) .
We transiently transfected the human cardiac Na channel (hH1a, supplied by Dr. H. A. Hartmann, Baylor College of Medicine) into the HEK␣1H-13-stable transformed cell line in some experiments. For the transient transfection protocol, HEK␣1H-13 cells were grown to ϳ50% confluence on 35 ϫ 10-mm cell culture plates. hHla plasmid cDNA (2 µg) was used for transfection using the calcium phosphate method. To identify ␣1H cells transiently coexpressing hHla Na channels, we cotransfected HEK␣1H-13 cells with 2 µg of cDNA encoding green fluorescent protein (GFP). Cells were used 48-72 h after hHla ϩ GFP cotransfection.
All voltage-clamp recordings were performed in the whole cell configuration of the patch-clamp technique. Current was digitized at 20 kHz (Digidata 1200C A/D board, Axon Instruments, Burlingame, CA) and low-pass filtered at 10 kHz. An Axopatch 200B amplifier (Axon Instruments) was used to record currents; series resistance compensation to 80% was employed. Data acquisition and analysis was performed with pCLAMP6 (Axon Instruments) and Origins 4.1 software (Microcal Software). Steady-state activation and inactivation curves were fitted to Boltzmann distributions. For the activation curve (conductance-voltage curve), peak current was plotted as a function of voltage and fit to a Boltzmann distribution with the reversal potential allowed to float. Neither time nor drug addition altered the fitted reversal potential. For all experiments the holding potential (V hold ) was Ϫ80 mV. To remove accumulated inactivation at V hold Ϫ80 mV, we prepulsed cells to Ϫ120 mV for 5 s. In separate experiments we determined that recovery from inactivation at Ϫ120 mV is complete within 2.5 s (data not shown). Statistical data analysis was tested by ANOVA with post hoc test. Differences with P Ͻ 0.05 are scored as statistically significant. Data are means Ϯ SE.
A common experimental problem with a variety of voltagegated ion channel whole cell recordings is the presence of a spontaneous shift of the steady-state inactivation voltage dependence. There is a significant shift of the inactivation midpoint (V 1/2 ) in the absence of Mg-ATP; inclusion of 5 mM Mg-ATP significantly reduces the time-dependent shift from Ϫ10 to Ϫ3 mV. The peak activation curve was not significantly shifted regardless of the Mg-ATP concentration. Therefore, the pipette solution contained 5 mM Mg-ATP in all experiments.
With the exception of AA-Na salt and 8-bromocAMP (8-BrcAMP), all compounds were solubilized in DMSO as a stock solution. All dilutions resulted in a final concentration of Ͻ0.025% DMSO. There was no difference on ␣lH current between AA-Na salt or AA-free acid (stock dissolved in DMSO; used at final DMSO concentration of 0.025%). In addition, 0.025% DMSO had no difference from drug-free timed controls. AA was obtained from Calbiochem (San Diego, CA), 5,8,11,14-eicosatetraynoic acid (ETYA), octadecynoic acid (17-ODYA), nordihydroguaiaretic acid (NDGA), 8,9-EET, and indomethacin were from Sigma (St. Louis, MO). Figure 1 shows the inhibitory effect of AA on ␣lH current. Peak inward ␣1H current is inhibited 67% after 25 min of continual exposure to AA (Fig. 1A) . Inward current was elicited by a voltage step to Ϫ20 mV. To completely remove inactivation, we prepulsed the cell to Ϫ120 mV for 5 s. The control recordings were initiated 10 min after patch rupture. At the time currents through ␣1H elicited by a test pulse to Ϫ20 mV from a 5-s step to Ϫ120 mV in control, 10 µM AA, and washout. AA (10 µM) attenuates peak current and speeds current decay. Decay of current is fitted by a single-exponential function. Decay ϭ 23.6, 13.8, and 17.6 ms for control, 10 µM AA, and washout, respectively. Five-second prepulse to Ϫ120 mV removes inactivation, even in presence of AA. Nos. in parentheses refer to times after initiation of recording of peak current shown in B. B: AA attenuation of peak ␣1H current is partially reversible. Peak current declines progressively during 30 min of AA application. Washout of AA results in a slow return toward pre-AA control levels. However, washout of AA effects on peak current are not complete in 68 min of recordings. Interpulse interval, 20 s. indicated in Fig. 1B, 10 µM AA was continuously applied for 30 min before washout. Figure 1B shows two salient features of AA modulation of ␣1H: a slow time course for the onset of AA-induced peak current attenuation and reversibility. Return to control bath solution resulted in a slow return of peak ␣1H current. AA also causes a speeding of the decay of macroscopic ␣1H current. The decay phase of current in Fig. 1A is fit by a single-exponential function. In this cell, AA speeds the time constant of decay from 24 to 14 ms. Washout of AA partially restores the decay time (18 ms) similar to the peak current response. In summary, both wash in and wash out of AA attenuation of peak ␣1H current occurs with a time course on the order of minutes.
RESULTS

AA modulates ␣1H, a cloned human T-type Ca channel.
The speeding of current decay by AA suggests interactions with the inactivation process of ␣1H. A possible Fig. 2 . AA shifts steady-state inactivation curve without a corresponding effect on activation curve. A: activation curve. Control (left); 20 min after addition of 10 µM AA (right). Current traces were elicited by step depolarizations ranging from Ϫ90 to ϩ70 mV in 5 mV increments under control conditions. Note signature crossover of current decay characteristic of native and cloned T-type Ca channels. Currents were recorded in physiological Na and Ca concentrations. Reversal potential obtained from fitting current-voltage curve to a Boltzmann distribution was ϩ49 mV. B: inactivation curve. Current traces in control conditions were elicited by a step to Ϫ20 mV following a 5-s prepulse to potentials ranging from Ϫ120 to Ϫ30 by 10 mV increments. C: conductance-voltage curves drawn from raw data of same cell shown in A (activation) and B (inactivation) before and 20 min after addition of 10 µM AA. In this example AA shifts the inactivation midpoint (V 1/2 ) by Ϫ27 mV. Activation and inactivation [macroscopic conductance as a function of voltage (G V )] curves were drawn from peak currents in A and normalized to maximal conductance. For inactivation, a 5-s conditioning pulse was used to attain steady-state conditions. SSI, steady-state inactivation; SSA, steady-state activation; V test or V condn , test potentials. D: enlargement of C shows that AA eliminates a possible ␣1H window current (shaded area). con, Control. E: voltage dependence of macroscopic current decay was fitted to a single-exponential function for all test potentials. Plot of time constant of current decay decay vs. test potential for control and 10 µM AA. Data were pooled (means Ϯ SE). Solid line is fit of exponential voltage dependence of time constants with an offset. Voltage-independent offset is 17.3 and 7.2 ms in control and AA, respectively. Voltage dependence of time constants were e-fold change per 7 and 19 mV for control and AA, respectively. mechanism for the speeding of the decay of ␣1H current is a shift of the steady-state inactivation voltage dependence. To test this hypothesis we measured the steadystate voltage dependencies of ␣1H in control and in the presence of AA for 20 min. The steady-state activation and inactivation curves for ␣1H overlap in the narrow range of voltage from Ϫ55 to Ϫ45 mV. Figure 2A shows a family of whole cell currents elicited by graded depolarization in control and after 10 µM AA. As with native T-type currents and with Na channels, albeit with a slower time course, the ␣1H current displays a crossover during the decaying phase. The decaying phase of the current is fit well with a single-exponential function. For test potentials positive to Ϫ30 mV there is no dependence of decay with voltage (Fig. 2E) . This is similar to the native T-current (e.g., Ref. 5) , where the voltage-independent range can be represented as voltage-independent transitions among a closed, opened, and inactivated state (5) . AA speeds the voltageindependent decay of macroscopic current approximately twofold. Therefore, the apparent speeding of decay induced by AA at Ϫ20 mV ( Fig. 1 ) cannot be secondary to a hyperpolarizing shift of the currentvoltage relationship (I-V) curve on the voltage axis. For depolarizations negative to Ϫ40 mV there is a steep dependence of macroscopic decay with voltage. AA dramatically increases the decay rate in the voltagedependent range, resulting in a less steep dependence of decay on voltage.
The conductance-voltage curve drawn from the slope conductance of the peak I-V relationship in Fig. 2A shows the T-type defining characteristic low-voltage range of activation. The inactivation curve was obtained from peak currents elicited by a test depolarization to Ϫ20 mV preceded by 5-s conditioning pulses to Ϫ120 mV to remove inactivation. Figure 2C shows that the superimposition of the activation and inactivation curves results in a narrow range of voltage where channels are partially activated but not completely inactivated. This range of voltage represents a possible window current. AA (10 µM) selectively shifts the midpoint of the inactivation curve from Ϫ65.0 Ϯ 1.4 mV in control to Ϫ88.9 Ϯ 2.4 mV in AA (P Ͻ 0.001), without a concomitant shift of the activation curve. AA also reduces the slope of the peak activation curve from 5.4 Ϯ 0.3 in control to 6.3 Ϯ 0.1 with AA (P Ͻ 0.01). In the representative cell shown in Fig. 2 , AA shifts the midpoint of inactivation (V 1/2 ) Ϫ27 mV in 20 min. The average shift of the inactivation V 1/2 was Ϫ24 Ϯ 1.6 mV (n ϭ 7). The AA-induced shift is significantly greater than time-matched, drug-free control cells (n ϭ 6). In the absence of added AA or with the addition of carrier only (DMSO), we measured an average shift of Ϫ3.8 Ϯ 1.4 mV in 20 min. It is important to show reversibility to unequivocally demonstrate that the hyperpolarizing shift following AA is not an artifact, despite the significant difference of inactivation V 1/2 between control versus AA treatment. Figure 3 shows that following 50 min of washout, both maximal conductance (G max ) and V 1/2 are reversible. Although AA renders activation a less steep function of voltage, it has no effect on the steady-state activation curve midpoint (control V 1/2 ϭ Ϫ42.1 Ϯ 1.3; AA V 1/2 ϭ Ϫ42.8 Ϯ 1.5 mV). Consequently, the overlapping window of inactivation and activation is eliminated (Fig. 2D) .
Cytochrome P-450 metabolites modulate ␣1H. The metabolism of AA occurs via three principal pathways: cyclooxygenase, lipoxygenase, and epoxygenase catalysis. To test whether one or more of these AA metabolic pathways mediates AA effects on ␣1H, we coadministered inhibitors with AA. Neither 10 µM NDGA nor 10 µM indomethacin prevented the AA-induced attenuation of ␣1H current. These results are summarized in Fig. 4 . In contrast, the cytochrome P-450 suicide substrate inhibitor 17-ODYA only partially antagonized AA attenuation of ␣1H current. 17-ODYA by itself has no significant effect on ␣1H current; however, cells preincubated in 17-ODYA for 20 min before recording show only partial modulatory effects of AA. In the presence of 17-ODYA, peak current is attenuated 23% and the V 1/2 is shifted Ϫ12.2 Ϯ 2.5 mV (n ϭ 5; Fig. 4) . To test for a direct interaction, we used the nonmetabolizable analog of AA, ETYA. A 10 µM concentration of ETYA caused a statistically significant attenuation of peak ␣1H Fig. 3 . AA effects on maximal conductance (G max ) and steady-state V 1/2 are reversible. A: peak current as a function of 5-s prepulse potential for control, 20 min in presence of 10 µM AA, and 50 min after washout of AA. G max decreased ϳ65% in AA and returned to control level after 50-min washout. Steady-state inactivation protocol is as described in Fig. 2 . B: normalized inactivation curve from A to illustrates that reversible V 1/2 in control, AA, and washout was Ϫ70, Ϫ91, and Ϫ71 mV, respectively. current (P Ͻ 0.05) and a slight but statistically insignificant hyperpolarized shift of the inactivation curve.
The EETs are candidates for EDHF (4, 18 but see Refs. 11 and 48). It was surprising that cytochrome P-450 inhibition partially antagonized the response of ␣1H current to AA because it is often noted that cells in culture downregulate cytochrome P-450 expression (7, 17) . Therefore, we directly tested whether 8,9-EET, a specific cytochrome P-450 metabolite, modulates ␣1H. Figure 5 compares the effects of 10 µM AA with 0.1 µM 8,9-EET added to the bath solution. 8,9-EET causes a 31% reduction of G max . This is about one-half that obtained with AA alone. In contrast to the AA modulation of ␣1H, the inactivation V 1/2 is not shifted by 8,9-EET. To control for a possible nonspecific 17-ODYA effect on I T , we also tested whether 17-ODYA altered the 8,9-EET modulation of ␣1H current. Figure 5 shows that 17-ODYA does not inhibit the 8,9-EET inhibition of G max . Therefore, we conclude that either AA or the AA epoxygenase metabolite 8,9-EET can modulate ␣1H conductance.
PKC, but not protein kinase A, mediates AA modulation of ␣1H. The slow time course of AA and AA metabolite modulation of ␣1H current argue for a role for intracellular intermediates. Although AA modulation of L-type channels is well studied, the mechanism Fig. 4 . AA modulates ␣1H channels via direct interaction and epoxygenase metabolites. Lipoxygenase and cycloxygenase metabolites do not contribute to AA modulation of ␣1H in HEK 293 cells. For all cases we initiated control recordings 10 min after patch rupture. A-C compare parameters obtained from control (immediately before drug addition) with those from 20 min after drug addition. A: pooled peak current attenuation by 20 min of exposure to 10 µM of AA, AA analogs, or AA metabolic inhibitors. *** P Ͻ 0.001, ** P Ͻ 0.01 vs. time-dependent control. ## P Ͻ 0.001 vs. AA; and $ P Ͻ 0.05 vs. octadecynoic acid (17-ODYA). B: steady-state V 1/2 is shifted in hyperpolarized direction by AA. Although 10 µM 17-ODYA partially antagonizes AA-induced shift, 10 µM ETYA has no effect. ** P Ͻ 0.001 and * P Ͻ 0.01 vs. time-dependent control. ## P Ͻ 0.001 vs. AA. $$ P Ͻ 0.001 vs. 17-ODYA ϩ AA. C: AA has no effect on voltage dependence of steady-state activation. NDGA, nordihydroguaiaretic acid. Fig. 5 . Epoxyeicosatrienoic acid (8,9-EET), an epoxygenase metabolite of AA, partially mimics inhibitory effect of AA on ␣1H currents. A: peak current attenuation by 20 min of exposure to 10 µM AA, 100 nM 8,9-EET, or vehicle (for time-dependent control). 17-ODYA does not inhibit 8,9-EET attenuation of macroscopic G max . B: 8,9-EET has no effect on V 1/2 for steady-state inactivation of ␣1H. V 1/2 values for steady-state inactivation before and after addition of 8,9-EET are Ϫ66.0 Ϯ 1.76 and Ϫ68.6 Ϯ 3.69 mV, respectively. * P Ͻ 0.001 vs. time-dependent control. # P Ͻ 0.01 vs. AA. ##P Ͻ 0.001 vs. AA. of action is controversial. It is likely that AA modulation of L-type Ca channels occurs via effects on cAMP and, in turn, protein kinase A (PKA) (51) or phosphatase intermediates (34) . We performed three experiments that established the lack of an effect by PKA on ␣1H current: 1) addition of 8-BrcAMP; 2) phosphatase inhibition by okadaic acid (OA); and 3) AA modulation in the presence of PKA-inhibitor peptide. Addition of the membrane-permeable, nonhyrdrolyzable form of cAMP, 8-BrcAMP, as high as 3 mM has no effect on the inhibitory modulation of the ␣1H current (Fig. 6A) . Despite chronic elevation of the nonhydrolyzable 8-BrcAMP, 10 µM AA still induced attenuation of peak ␣1H current (Fig. 6A) . The effects of AA on I T are the same with or without 8-BrcAMP. If the channel is basally maximally phosphorylated, this could be a false negative result; therefore, we tested the effect of the phosphatase 1 and 2a inhibitor OA. Figure 6B shows that OA has no effect on I T consistent with the interpretation that the ␣1H channel is not basally phosphorylated at a phosphatase 1-or 2A-sensitive site. Note that OA blocks dephosphorylation of L-type channels (14, 20, 34, 39) . To eliminate any possible contribution by PKA to AA modulation of I T , we perfused cells intracellularly with 30 µM PKA inhibitor peptide. PKA inhibitor had no effect on AA modulation of I T (Fig. 6B) , establishing that under our recording conditions ␣1H is not basally phosphorylated by PKA.
To control for the possibility that HEK 293 cells lack PKA activity following stimulation by 8-BrcAMP, we transfected ␣1H-stable transfected cells with the human cardiac voltage-gated Na channel hHla. Cardiac Na current is modulated by cAMP and therefore was used as an assay for 8-BrcAMP modulation. Figure 6C shows selected current sweeps elicited at Ϫ40 mV. In cardiac myocytes, cAMP analogs cause a shift of the peak activation curve for the voltage-gated Na channel in the hyperpolarized direction. Similarly, 8-BrcAMP shifts the hH1a peak activation curve. The selective effect of such a shift is manifested as an increase of peak current at more hyperpolarized potentials. The presence of ␣1H T-channels and hH1a Na channel current is evident from the fast and slow inward currents at Ϫ40 mV in the presence of 8-BrcAMP (Fig.  6C, middle trace) . To confirm that the fast inward current is caused by Na channels, we blocked the shift effect with 30 µM TTX (Fig. 6C, right trace and I-V  curve) . Note that the late inward current is unaffected by 8-BrcAMP. We therefore conclude that AA modulation of the human T-type channel ␣1H is not via a PKA pathway under our recording conditions. PKC activation is one of many downstream events following elevation of AA. Therefore, it is reasonable to test whether AA mediates effects on I T via PKC activation. We assessed AA effects in the presence of PKC inhibitor peptide in the intracellular pipette solution. Inclusion of 100 µM PKC inhibitor peptide without drug addition has no effect on ␣1H current. This suggests that the T-channel in our expression system is not basally modulated by PKC. However, Fig. 7 shows that in the presence of 100 µM PKC inhibitor peptide the AA modulation of I T is only partially antagonized. Under the condition of PKC inhibition AA decreases G max and shifts the V 1/2 significantly less than when PKC is active. Under our recording conditions we buffer bulk Ca concentration to nanomolar levels with EGTA and dialyze the cytosol for at least 10 min. Therefore, our data suggest that AA modulates I T , but only in part, via a Ca-independent PKC that is membrane associated.
PKC inhibition only partially antagonizes the AAinduced shift of V 1/2 and decrease of I T . In contrast, 8,9-EET only reduces G max . To test whether PKC is an intermediate in the G max reduction by 8,9-EET, we tested the effect of 8,9-EET in the presence of 100 µM PKC inhibitor peptide. PKC inhibitor peptide has no significant effect on the 8,9-EET reduction of G max (Fig.  7) , consistent with a direct 8,9-EET modulation of I T .
DISCUSSION
This is the first demonstration that the cloned T-type channel derived from human heart ␣1H is reversibly modulated by AA. The present study was motivated by the clinical finding that drugs that block T-type Ca channels relieve hypertension (19) . AA and in particular cytochrome P-450 metabolites of AA may contribute to vasorelaxation (17) ; therefore, it is reasonable to evaluate whether AA and cytochrome P-450 metabolites of AA block I T . In this study we show that AA and the AA metabolite 8,9-EET reduce Ca conductance through the ␣1H T-type Ca channel. In addition AA causes a selective shift of the steady-state inactivation curve. This selective shift of the inactivation curve eliminates a possible window current. AA modulation of ␣1H is not via a PKA intermediate, but AA effects are partially attenuated by either PKC blockade or preincubation with 17-ODYA. In contrast, the 8,9-EET attenuation of I T is independent of PKC.
AA modulation occurs slowly with a time course over the range of minutes in our study. It is unlikely that the slow time course of AA modulation of ␣1H reflects partitioning of AA into the membrane, because AA rapidly incorporates into and flip-flops across the lipid bilayer (50) . If the slow time course was due to AA metabolism, then we would have expected to observe a more rapid effect with either nonmetabolizable AA analogs or with specific AA metabolites. Direct application of the cytochrome P-450 metabolite 8,9-EET also modulates ␣1H with a slow time course. AA and EET Fig. 7 . Inhibition of protein kinase C (PKC) pathway only partially antagonizes modulatory effects of AA on ␣1H channels, but PKC inhibition has no effect on 8,9-EET attenuation of G max . Left: pooled peak current attenuation after 20-min exposure to vehicle (for timedependent control), 10 µM AA, 100 µM PKC specific inhibitor (fragment 19-36), 10 µM AA together with PKC inhibitor, 100 nM 8,9-EET, and 100 nM 8,9-EET together with PKC inhibitor. Right: V 1/2 for steady-state inactivation of ␣1H after addition of different drugs. V 1/2 values are not changed during 20 min of cytoplasmic exposure to PKC inhibitor peptide; initial and 20 min values were Ϫ67.4 Ϯ 2.0 mV and Ϫ68.4 Ϯ 2.1 mV, respectively (n ϭ 7). AA shifted mean V 1/2 from a control value of Ϫ64.6 Ϯ 2.6 to Ϫ78.3 Ϯ 2.1 mV (n ϭ 4). Note that Ϫ13.7 mV shift is significantly less than Ϫ23.9 mV shift elicited by AA. ** P Ͻ 0.001, * P Ͻ 0.0l vs. time-dependent control; ##P Ͻ 0.001, # P Ͻ 0.01 vs. 10 µM AA alone; $$ P Ͻ 0.001, $ P Ͻ 0.05 vs. 100 nM protein kinase C inhibitor (PKC-I) alone. effects on Ca current are either mediated by membraneassociated intermediates or further metabolized. The majority of EETs are esterified to cellular glycerophospholipid (25) . Interestingly, the time course of coenzyme A/ATP-dependent metabolism of EET to either EET-PC or EET-PI occurs on a time scale of minutes (25) . Furthermore, Chen et al. (6) recently reported a direct modulation of L-type Ca channels by EET-phospholipids. Interestingly, in agreement with our T-channel studies, EET reduces L-type openchannel probability (G max ) and speeds inactivation presumably by a direct EET-phospholipid-channel mechanism (6) .
Although PKA consensus sites exist on the ␣1H channel, our results show that they are not used for channel modulation. Similarly, early reports of native cardiac I T show no evidence for PKA modulation (45) . This negative result removes a source of complexity for interpreting the pathway of the AA modulation of T-type current. In contrast to AA modulation of closely related L-type channels, there is no role for PKA as an intermediate in the modulation of T-type Ca channels.
Our observation that AA induces a Ϫ25 mV shift of inactivation and a reduction of G max , whereas EET only causes a reduction of G max , argues for possibly separate mechanisms of action. We cautiously interpret the finding that PKC inhibitor peptide and 17-ODYA inhibit both the inactivation shift and the G max attenuation. First, the inhibitory effect, though significant, is only a partial effect. Second, we were unable to positively identify a cytochrome P-450 isoform in our cells. Note, however, that with over 200 different cDNAs encoding cytochrome P-450 isozymes (reviewed by Ref. 17) , it is very difficult to unequivocally prove the absence of cytochrome P-450. Nevertheless, the cytochrome P-450 enzyme family is inducible and is downregulated in tissue-cultured cells (7, 17) . Third, NADPH is the reductant in cytochrome P-450-mediated epoxygenation of AA; however, we did not include NADPH in the pipette. It is interesting to note that 17-ODYA affected K channels in freshly isolated portal vein recorded in the whole cell mode without the addition of NADPH (12) . It is possible that intracellular dialysis through the whole cell pipette is incomplete. 17-ODYA is a cytochrome P-450 suicide substrate inhibitor (55) , and there are no reports of 17-ODYA side effects. However, 17-ODYA and ETYA are structurally similar to AA and may be competing for AA reincorporation into the membrane or a common fatty acid binding site. This suggests that AA metabolic inhibitors are weak agonists that are acting as competitive inhibitors for an AA receptor site or fatty acid binding site.
Two established downstream effects of AA include PKC activation (30, 32, 41) and small G protein activation via inhibition of small GTPase activating protein (16, 23, 40) . Whereas there are two reports of Ras modulation of L-type Ca channels (13, 24) , there are no known studies of Ras-T-type channel interactions. Our partial PKC inhibitor results are similar to those observed for neuronal L-type currents (26) and suggest that AA activation of PKC may lead to PKC-channel interaction. Surprisingly, however, there are few studies of PKC modulation of T-type Ca channels despite the central importance of PKC and Ca currents. In heart cells, Tseng and Boyden (44) showed that native I T is attenuated following activation of PKC. There are several PKC consensus sites on ␣1H, two sites on the domain I-II cytoplasmic connector and one site on the domain III-IV connector (9) . Whereas a consensus site is a prerequisite for PKC modulation, its presence does not mean that the channel is a substrate. This adage is illustrated by the absence of PKA modulation of ␣1H. Nevertheless, independent evaluation of PKC modulation of T-type channels is an important area for further study.
We expressed effects on steady-state activation based on peak current. However, the peak current may be contaminated by overlapping activation and inactivation transitions, particularly in the low-voltage activation range (10) . Nonetheless, there is important biophysical information to be gleaned from the currentvoltage protocols used in this study. Our data suggest that AA speeds a voltage-independent open-to-inactivation transition, and AA also alters a voltage-dependent transition. The macroscopic current inactivation is well fit by a single-exponential function over the entire voltage range (Fig. 2) . Macroscopic decay is voltagedependent for weak depolarization; however, for strong depolarizations (greater than Ϫ30 mV), the macroscopic inactivation decay rate as a function of voltage [(V)] is constant. Our (V) curve for macroscopic decay is similar to that reported from native I T preparations (5, 8) . As Chen and Hess (5) point out, this extreme potential-limiting rate suggests a voltage-independent open-to-inactivated state transition. The speeding of the rate-limiting decay implies that AA modulates channel inactivation. The more dramatic depression of the voltage dependence by AA of the (V) curve is more complicated, and the explanation depends on the kinetic scheme. For ␣1H, as for native T-channels (5), Na channels (1), and some K channels (53) , it is a good assumption that only the initial activation transitions are voltage dependent. AA reduces both the macroscopic inactivation voltage dependence and the slope of the activation curve. With a minimal number of assumptions, our results imply that AA exerts its effect mainly on a voltage-dependent, closed-state transition.
The low-voltage-activation range of T-type Ca channels suggests that its principal function is to mediate the upstroke of the action potential. In pacemaker tissues, such as nodal cells, blockade of T-type current slows spontaneous firing (27) . AA and its metabolites have long been known to induce bradycardia (29) . Thus it is reasonable that AA may mediate bradycardia at least in part via blockade of T-type channels. Our Na channel coexpression experiment is a side issue in this paper; nonetheless, the overlapping range of activation of Na and T-type currents illustrates the important point that either of these current carriers activate in a range that enables them to carry the upstroke of the action potential. Although T-type Ca channels are not normally present in the working myocardium, cardiac hypertrophy induces de novo expression of T-type channels (33) . Under pathophysiological conditions, AA or EETs may have an important protective function. For example, hypertrophic and ischemic myocardium slow reentry pathways can lead to ventricular fibrillation and in turn sudden cardiac death. During ischemia the extracellular space is acidified, and the maximum diastolic potential (MDP) modestly depolarizes (47, 52) . The MDP is in a range that is conducive for T-channel activation but is still rather hyperpolarized for L-type Ca channels. Concomitantly, the depolarized MDP steady-state inactivates Na channels, leaving T-type Ca channels as the only inward current carrier available. Our observation that AA and EET attenuate G max of I T suggests a mechanism for inhibition of ectopic action potential initiation.
The antihypertensive efficacy of the relatively specific T-type channel blocker mibefradil (9, 37) suggests a role for T-type channels in control of vascular tone. There is evidence that the EDHF is one or more epoxygenation metabolites of AA (35, also see Ref. 48 ). Our demonstration of AA-and an AA epoxygenase metabolite-mediated attenuation of T-type Ca channels implicates the ␣1H channel as a target for the control of vascular tone and heart rate.
In conclusion, AA modulation of T-type Ca channels reduces channel current via both a PKC-dependent and -independent pathway. In contrast, 8,9-EET reduction of T-type current may be caused by a direct interaction with the channel.
